Background Metachronous gastric cancer (GC) can develop after endoscopic resection of GC and cannot be predicted based on clinical signature. Aberrant DNA methylation in noncancerous gastric mucosa is strongly implicated in gastric carcinogenesis and could be a useful biomarker of GC risk. We evaluated the clinical utility of DNA methylation as a biomarker of metachronous GC risk. Method We carried out scheduled follow-up endoscopy in 129 patients after curative endoscopic resection of GC. Biopsy specimens were collected from noncancerous mucosa in the gastric antrum and body, after which quantitative methylation analysis of miR-34b/c, SFRP1, SFRP2, SFRP5, DKK2 and DKK3 was carried out using bisulfite pyrosequencing. The utility of the methylation for predicting the risk of metachronous GC development was assessed using Kaplan-Meier and Cox proportional hazards model analyses.
Introduction
Gastric cancer (GC) is a major cause of cancer mortality worldwide, and its early detection and endoscopic resection are essential for reducing the incidences of invasion and metastasis and improving survival. Endoscopic submucosal dissection (ESD) enables en bloc and histologically complete resection with no restriction on lesion size [1] [2] [3] [4] . Although this approach minimizes the recurrence rate and preserves the entire stomach and the patient's quality of life, metachronous GC develops in the remnant stomach in about 10-20 % of patients after curative ESD [5] [6] [7] . Consequently, assessing the risk of metachronous GC after ESD is extremely important for early detection of subsequent GC and reduction of mortality.
Helicobacter pylori (H. pylori) infection plays an important role in gastric carcinogenesis [8] . GCs are thought to arise from H. pylori-related gastritis, and the severe mucosal atrophy and intestinal metaplasia it causes are associated with the development of metachronous GC. Correspondingly, eradicating H. pylori after ESD reduces the likelihood of metachronous GC [9] . However, the individuals at high risk of developing metachronous GC cannot be predicted based on clinicopathological findings, including H. pylori status. Thus, identification of a molecular marker useful for predicting the risk of metachronous GC would be highly desirable.
Epigenetic alterations such as DNA methylation play a key role during gastric carcinogenesis [10, 11] . For example, DNA methylation is known to silence a variety of genes involved in cell-cycle control, apoptosis, cell signaling and DNA repair in GC [10, 12] . Earlier reports have shown that H. pylori infection induces methylation of tumor suppressor and other tumor-related genes in the noncancerous gastric mucosa, suggesting aberrant DNA methylation is an early event during gastric carcinogenesis [13] . We and others previously demonstrated that the level of DNA methylation of tumor suppressor genes is increased in cases of gastritis that are at epidemiologically high risk for developing GC and in the background noncancerous gastric mucosa in GC [14] [15] [16] . In addition, we previously reported that the level of miR-34b/c gene methylation is significantly higher in noncancerous gastric mucosa from patients with multiple GCs than in those with a single GC or in H. pylori-positive healthy individuals [17] . These results suggest DNA methylation in noncancerous gastric mucosa may be a useful biomarker for evaluating the risk of metachronous GC after ESD.
Our aim in the present study was to assess the clinical utility of DNA methylation in the noncancerous gastric mucosa as a marker of the risk of metachronous GC. Our approach was to perform a prospective study in a cohort of GC patients who underwent curative ESD.
Materials and methods

Study population
This study included 129 patients who received curative endoscopic resection of early GC at Akita Red Cross Hospital between May 2007 and May 2011. Surveillance endoscopy was regularly performed every 6-12 months. At the time of enrollment (first detection of GC), biopsy specimens of noncancerous gastric mucosa were obtained from the gastric body and antrum for histological examination and extraction of genomic DNA. After enrollment, patients were hospitalized and their tumors were treated with ESD. The follow-up period was defined as being between the first biopsy and the detection of metachronous GC, the censoring of the patients or the end of this study. The updated Sydney system was used to estimate the degree of gastritis [18] . Genomic DNA was extracted using the standard phenol-chloroform procedure. H. pylori infection was assessed using the rapid urease test, the serum antibody test and the urea breath test. If any one of these assays was positive, the patients were considered to be H. pylori-positive. All individuals had no history of H. pylori eradication therapy. After endoscopic treatment, 49 H. pylori-positive GC patients received H. pylori eradication treatment, and successful eradication was confirmed. Metachronous GC was defined as new GC developing after curative resection of GC. Written informed consent was obtained from all patients before collection of the specimens. Approval of this study was obtained from the Institutional Review Board of Akita Red Cross Hospital and Sapporo Medical University.
Methylation analysis by bisulfite-pyrosequencing
Genomic DNA (1 lg) was modified with sodium bisulfite using an EpiTect Bisulfite Kit (QIAGEN, Hilden, Germany), after which bisulfite sequencing and pyrosequencing were carried out as described previously [19] . For bisulfite pyrosequencing, the biotinylated PCR product was purified, made single-stranded and used as the template in a pyrosequencing reaction run according to the manufacturer's instructions. The pyrosequencing reaction was carried out using a PSQ96 system with a PyroGold reagent Kit (QIAGEN), and the results were analyzed using Q-CpG software (QIAGEN). Sequence information for primers is shown in Supplementary Table 1 .
Statistical analysis
The cumulative incidences of metachronous GC were calculated using the Kaplan-Meier method. Comparisons between groups were made using the log-rank test.
Univariate and multivariate analyses were performed using Cox proportional hazard models to assess the risk factors for metachronous GC. Fisher's exact test or Pearsons' chisquared test was used for analysis of categorical data. Values of p \ 0.05 (two-sided) were considered statistically significant. All statistical analyses were performed using SPSS Statistics 18 (IBM Corporation, Somers, NY, USA) and JMP ver. 10 (SAS Institute Inc., Cary, NC, USA).
Results
Patient characteristics
The profiles of the study participants are shown in Fig. 1 . After excluding patients who were lost to follow-up or died of extragastric disease, 129 GC patients were enrolled in the study. The median follow-up period for the 129 GC patients was 1.5 (range 0.1-6.1) years. A total of 86 patients exhibited H. pylori infection; of those, 51 underwent eradication therapy after endoscopic resection of their GC, and the H. pylori was successfully eradicated in 49 (96 %). Twenty-six patients were H. pylori-negative, although the majority of those were presumed to have been infected in the past, as they exhibited intestinal metaplasia or gastric mucosal atrophy (data not shown). H. pylori status was not available for 17 patients. During the followup period, 17 patients (13 %) developed metachronous GCs. This included 12 H. pylori-positive patients, among whom five were successfully treated for H. pylori after endoscopic resection of their GC (Table 1) .
Association between miR-34b/c methylation and the occurrence of metachronous GC
The primary endpoint of this study was the occurrence of metachronous GC during the follow-up period. At the time each patient entered the study, biopsy specimens of noncancerous gastric mucosa were collected from the antrum and body of the stomach, after which methylation levels of miR-34b/c, SFRP1, SFRP2, SFRP5, DKK2 and DKK3 were determined using quantitative bisulfite pyrosequencing. These six genes are known to be frequently methylated in H. pylori-related gastritis as well as in GC [17, 20, 21] . Based on the results, patients were categorized into a highmethylation or low-methylation group, relative to the median baseline methylation levels in the gastric body and antrum among the 129 GC patients. Thereafter, we assessed the correlations between methylation of the respective genes and the incidence of metachronous GC. Using a univariate Cox proportional hazards model, the greatest hazard ratio (HR) was obtained for patients showing higher levels of miR-34b/c methylation in the gastric body when a cutoff of 18.6 % was employed (HR, 10.01; 95 % CI, 2.26-44.23, p = 0.002). Similarly, we found an elevated risk of metachronous GC in patients with higher levels of SFRP2 (cutoff, 43.3 %; HR, 3.33; 95 % CI, 1.08-10.25, p = 0.02) and DKK2 (cutoff, 16.9 %; HR, 3.66; 95 % CI, 1.19-11.25, p = 0.01) methylation in the gastric body ( Fig. 2a ). In addition, Kaplan-Meier analysis revealed that greater methylation of these three genes in the gastric body was significantly associated with shorter metachronous GC-free survival (miR-34b/c, p B 0.001; SFRP2, p = 0.025; DKK2, p = 0.015 by log-lank test) ( Fig. 2b , Supplementary Figure 1 ). By contrast, we found no significant correlation between the incidence of metachronous GC and methylation in the antral mucosa (Supplementary Figure 2) .
The results summarized above prompted us to select miR-34b/c methylation in the gastric body for further analysis (Supplementary Figure 3) . The 2-year cumulative incidence of metachronous GC in the high-methylation group (C18.6 %) was 30.4 % (95 % CI, 15.9-44.9), while that for the low-methylation group (B18.6 %) was only 3.8 % (95 % CI, 0-12.6) ( Table 2 ). When we then divided the 129 GC patients into four quartiles based on the level of miR-34b/c methylation in the gastric body, we found that the cumulative incidence of metachronous GC significantly differed among the four groups (p B 0.001 by log-lank test) ( Supplementary Figure 4) . These results suggest that levels of miR-34b/c methylation in the gastric body mucosa could be a predictive marker of the risk of metachronous GC.
Clinicopathological features of the high and low methylation groups
The associations between the clinicopathological features and miR-34b/c methylation are summarized in Table 3 . Among the GC patients, miR-34b/c methylation was associated with older age and a greater degree of inflammation, activity, atrophy and metaplasia in the gastric body (Table 3) . By contrast, no significant differences were found with respect to sex, H. pylori infection or pathological findings in the antral mucosa (Table 3 ).
Evaluating the risk of metachronous GC with clinical predictors
We next used univariate analysis and multivariate Cox proportional-hazards analysis to evaluate the utility of the miR-34b/c methylation level in the mucosa of the noncancerous gastric body as a predictive marker of metachronous GC risk.
In the univariate analysis, miR-34b/c methylation and mucosal atrophy in the gastric body were significantly associated with the occurrence of metachronous GC (Table 4 ). On the other hand, inflammation, activity and metaplasia were not significant predictors of the occurrence of metachronous GC. In a multivariate analysis adjusted for miR-34b/c methylation, age, sex, H. pylori status and pathological findings (inflammation, activity, atrophy and metaplasia), miR-34b/c methylation and inflammation were independently associated with metachronous GC (Table 4 ). MiR-34b/c methylation, H. pylori status and the incidence of metachronous GC Recent studies demonstrated that eradicating H. pylori after endoscopic resection of early GC reduces the risk of metachronous GC [9] . To assess the relationship between miR-34b/c methylation and H. pylori status, we compared GC patients who had undergone successful eradication therapy after enrolling in this study (n = 49) with those who were H. pylori-negative at the start of the study but A B were presumed to have had a past infection (n = 26). Kaplan-Meier analysis indicated that miR-34b/c methylation in the noncancerous gastric body was significantly associated with a risk of metachronous GC in patients successfully treated for H. pylori (p B 0.001) (Fig. 3a) . Moreover, we also found a significant correlation between methylation and metachronous GC in H. pylorinegative patients (p = 0.026) (Fig. 3b) . These results suggest that miR-34b/c methylation in the mucosa of the gastric body may be a useful marker for predicting metachronous GC risk, irrespective of the presence of H. pylori. 
Discussion
Surveillance of patients after ESD has important implications for early detection and treatment of metachronous GC. Although eradication of H. pylori can reduce the risk of metachronous GC after endoscopic treatment of the initial GC, it does not ensure complete prevention in all patients [7, 9] . Moreover, current diagnostic tools show patients with past H. pylori infections to be H. pylorinegative, and they do not receive eradication therapy. Thus, periodic endoscopy is recommended for GC patients after ESD [7] . In an effort to establish a more effective surveillance strategy, we assessed DNA methylation in a set of candidate marker genes in noncancerous gastric mucosa, and then carried out scheduled endoscopic surveillance. This is the first prospective cohort study designed to assess the utility of DNA methylation as a predictive marker of metachronous GC risk. The evidence collected in various studies to date shows a strong relationship between aberrant methylation of cancer-related genes in noncancerous gastric mucosa and GC risk [16, [22] [23] [24] [25] . In addition, genome-wide analyses of DNA methylation using microarray technology has shown that a larger number of genes are methylated in noncancerous gastric mucosa from GC patients than in gastric mucosa from H. pylori-positive healthy individuals [26, 27] . In the present study, we focused on miR-34b/c, SFRP and DKK family genes, because of the high frequency of their methylation in both GC tissue and adjacent gastric mucosa [17, 20, 21] . That SFRP and DKK family genes are frequently methylated in both GC and adjacent gastric mucosa suggests the involvement of an epigenetic field defect [20, 21] . miR-34b/c is a putative tumor suppressor gene that acts as a downstream effector of p53 and is frequently silenced in association with CpG island hypermethylation in various malignancies [28] . We previously showed that levels of miR-34b/c methylation in noncancerous gastric mucosa from patients with multiple GCs were significantly higher than in noncancerous gastric mucosa from patients with single GCs or from healthy individuals [17] . We found that methylation of miR-34b/c, SFRP2 and DKK2 in the gastric body mucosa was strongly associated with a risk for metachronous GC, and miR-34b/c showed the greatest potential to serve as a predictive marker. Multivariate analysis adjusted for age, sex, H. pylori status and pathological findings revealed that miR-34b/c methylation and inflammation are independently associated with the development of metachronous GC. A number of studies have shown that chronic inflammation is strongly associated with aberrant DNA methylation, and one recent study also showed that the inflammatory response, not H. pylori itself, is responsible for the altered DNA methylation in the infected stomach [29, 30] . Consistent with those earlier findings, our study confirms the tight correlation between inflammation and aberrant DNA methylation, and shows that both inflammation and aberrant DNA methylation are independent risk factors of metachronous GC.
It also remains unclear why methylation in the gastric body strongly correlates with increased metachronous GC risk but methylation in the antrum does not. In gastritis patients, the antral mucosa generally exhibits more advanced histological features (e.g., metaplasia and atrophy) than the gastric body mucosa, though inflammation and activity are usually less severe in the antrum [31, 32] . In this study, we observed that methylation of a number of genes was higher in the antrum than in the body ( Fig. 2a , Supplementary Figures 1 and 2 ). In addition, pathological findings in the gastric body mucosa are more likely to reflect the degree and extent of the inflammation and activity of the gastritis than those in the antral mucosa with severe atrophy or metaplasia. An earlier study also showed that individuals with active inflammation in the gastric body (e.g., pangastritis or corpus-predominant gastritis) are at higher risk of developing GC [8] . It is thus conceivable that aberrant methylation in the gastric body is associated an increased risk of metachronous GC.
Interestingly, we found that miR-34b/c methylation was also associated with metachronous GC risk in patients who underwent successful H. pylori eradication after treatment of their GC. Similarly, while eradication of H. pylori after endoscopic resection of early GC can reduce the risk of metachronous GC risk [9] , eradication in patients without a precancerous lesion more effectively reduces the risk of developing GC [33, 34] . One possible reason for the development of metachronous GC, even after H. pylori eradication, is the presence of malignant cells that cannot be detected through endoscopic exami-nation. In addition, our results suggest that a certain amount of aberrant DNA methylation may not be reversed by eradication, and individuals with high levels of miR-34b/c methylation may remain at a high risk of metachronous GC.
There are several limitations to this study. First, patient samples were collected at a single institution, and the follow-up period was relatively short (average 18 months). The cumulative incidence rate for metachronous GCs increases linearly with time [7] , and we think the incidence of metachronous GCs in our study population would likely increase with a longer follow-up period. Second, the association between miR-34b/c methylation and GC risk in healthy individuals remains unclear because we focused on early GC patients who underwent endoscopic treatment. Thus, our findings should be validated in an independent long-term, multicenter study that includes a larger number of patients. Third, our study did not include patients who underwent H. pylori eradication therapy prior to their diagnosis. Earlier studies suggest that levels of aberrant methylation in H. pylori-infected noncancerous mucosa can be reduced by eradication therapy, but it is unclear how long the effect persists [35] [36] [37] [38] . Further studies will be needed to define the relation between miR-34b/c methylation and GC risk in patients with history of H. pylori eradication therapy.
In summary, we observed that the level of miR-34b/c methylation in noncancerous gastric body mucosa is a useful biomarker that is predictive of the risk for metachronous GC risk after endoscopic resection. Thus, for early GC patients with elevated miR-34b/c methylation in the gastric body, more intensive and frequent follow-up endoscopy may be recommended after ESD. Our findings may greatly improve of the surveillance strategy used after ESD and contribute to the early detection of metachronous GC and a reduction in its mortality.
